neurodegenerative phenotype in fragile X premutation carriers more prevalent in males than females. Strikingly, neurodegenerative disease has recently been appreciated in some premutation carriers. As no neurodegenno evidence of neurodegeneration has been found in either full mutation males or in the Fmr1 knockout mouse eration is seen in fragile X patients, who do not express FMR1, we hypothesize that lengthened rCGG repeats model, indicating that modulation of FMRP levels unlikely accounts for the neurodegeneration observed in of the premutation transcript may lead to neurodegeneration. Here, using Drosophila melanogaster, we these carriers. Since FMR1 premutation alleles are distinguished from both normal and full mutation alleles by show that 90 rCGG repeats alone are sufficient to cause neurodegeneration. This phenotype is neuron producing FMR1 transcripts with lengthy rCGG repeats, it is possible that the neurodegeneration is RNA medispecific and rCGG repeat dosage sensitive. Although devoid of mutant protein, this neurodegeneration ex- 
from a premutation carrier, containing 90 CGG repeats transgenic lines showed additional sequence variation from the transforming construct. As a control, transgenic (with a commonly observed interruption pattern of AGG triplets at repeat 10 and 20) and ‫002ف‬ base pairs of lines with the pUAST-EGFP vector alone were also generated. flanking sequence, was subcloned into the Drosophila transformation vector pUAST-EGFP containing an enTo examine the expression of transgenes, we directed expression to the retina using the gmr-gal4 driver (Freehanced green fluorescent protein (EGFP) reporter gene ( Figure 1A ). The CGG repeat fragment was inserted upman, 1996). As shown in Figure 1B , RT-PCR using primers flanking the CGG repeat clearly show the repeat is stream of the EGFP coding region such that the transcriptional start site preceded and the first translational transcribed in all lines, as do primers specific for the EGFP coding sequence (with Split ends [spen] primers start site followed the CGG repeat. No alternative ATG translation start site is found between the transcription used as a positive control). In addition, the correct size of transcript for each genotype was detected by Northstart site and the CGG repeat. Five transgenic lines were established with this construct, with all but two lines ern blot using EGFP cDNA as probe (data not shown). Western analysis of the EGFP protein from all transgenic maintaining 90 repeats. In the remaining two lines, the 3Ј end of the repeat array contracted, resulting in a 60 lines gave a product that appeared similar in size, indicating the use of the same translational start site in all CGG repeat tract that maintained the AGG interruption pattern ( Figure 1A) . By sequence analysis, none of the lines ( Figure 1B) . Overexposure of this blot revealed no (Table 1) . Strong expression of (CGG) 90 -EGFP either the 60 or the 90 CGG repeats always led to a severely disrupted eye morphology when expression more severe phenotype, indicating that dosage as well was directed to the retina using gmr-GAL4 drivers (Table  as repeat we demonstrated that, similar to the human observation, was targeted to all developing cells of the peripheral the fragile X premutation rCGG repeat indeed is pathoand central nervous system using elav-GAL4, strong genic in Drosophila. expression of (CGG) 90 -EGFP caused lethality (Table 1; Lin and Goodman, 1994). Ubiquitous expression of (CGG) 90 -EGFP in the embryo using the Act5C-GAL4 line Fragile X Premutation rCGG Repeats Cause Progressive Neurodegeneration in the Eye also led to lethality at the late larval stage (Ito et al., 1997).
However, no phenotype was observed in any transgenic
To determine if the rCGG-induced neurodegeneration is progressive with age in Drosophila, we examined the line when expression was targeted to epithelial cells using the dpp-GAL4 line. To determine if this apparent phenotypes caused by rCGG expression in the eyes of the aged flies, which has been extensively used to model different tissue sensitivity is due to different GAL4 activity among driver lines, we crossed different driver lines other human neurodegeneration diseases ( suggest that the phenotype that we observed is indeed degenerative. Further, we tested the toxicity of fragile drives expression in all cells of the developing and adult eyes, including the photoreceptor neurons as well as X premutation rCGG repeats using a neuron-specific GAL4 driver, elav-GAL4. Because high-level expression accessory pigment cells, we further examined whether the progressive cell death we observed is truly neurodeof (CGG) 90 -EGFP led to lethality, we performed similar cross to the above experiment using a moderate expresgenerative rather than developmental (Ellis et al., 1993). Using the UAS/GAL4 system allowed us to conditionally sion line of (CGG) 90 -EGFP. No eye abnormality was found with flies at day 1 after eclosion or 4-day-old flies that modulate the promoter activity/transgene expression level by shifting fly cultures to different temperatures.
were maintained at 18ЊC (Figures 3E and 3G) . However, the flies shifted to 29ЊC displayed the loss of pigmentaWe used a moderate expression line of (CGG) 90 -EGFP to set up the cross with gmr-GAL4 at 18ЊC and maintain tion and disruption of eye structures ( Figure 3F ). Based on these results, we conclude that, similar to human it at this temperature until after eclosion ( Figure 3A) . No abnormal eye structure was found at day 0 after eclosion male premutation carriers, expression of the rCGG repeat in Drosophila leads to progressive neurodegeneror 30-day-old flies that were maintained at 18ЊC ( Figure  3B and data not shown) . The adult flies were transferred ation. to 29ЊC to increase transgene expression level and aged ( Figure 3A) . Similar to the previous results, over the time, Premutation rCGG Repeats Induce the Formation of Inclusion, and the Molecular Chaperone Hsp70 the eyes showed progressive loss of pigmentation and increased disruptions of ommatidia ( Figure 3C ). Indeed,
Modifies the Neurodegeneration Phenotype
Since postmortem examination of the brains of four fragby day 30, similar phenotype was observed as compared to the strong expression lines that were kept at ile X premutation male patients with tremor/ataxia re- Figure  4D ). In addition, the coexpression of a dominant-negaelectron microscopy using 7-day-old flies. Small and morphologically distinct nuclear aggregates were found tive form of Hsp70-4.K71S with an amino acid substitution in the ATP binding domain could enhance the phein the nuclei of eye cells ( Figure 4C ). These small nuclear aggregates were extremely electron dense and localized notype caused by rCGG repeats ( Figure 4D ; Elefant and Palter, 1999). Very modest effect on the eye expressing closely with each other. In some cells, large nuclear inclusions could also be found, surrounded by small Hsp70-4.K71S only was observed ( Figure 4D ). This data suggests that besides its role in the refolding of misaggregates. Since these electron-dense structures were its normal functions, affect RNA metabolism, increase One discrepancy between our fly model and human cellular toxicity, and lead to progressive cell death, parpathological study is the presence of inclusion in both ticularly in the brain since it has highest expression of nuclei and cytoplasm in our fly model. However, in the FMR1 gene. Indeed, it has been shown that rCGG reexpanded CGG repeat mouse model, both nuclear and peats could be bound by the proteins from mouse brain cytoplasmic inclusions were also observed. This differ- (Rosser et al., 2002) . Identification of these rCGG binding ence may be human specific; however, in some polygluproteins will be important to test this hypothesis and tamine diseases, such as Huntington disease, inclusions understand the pathogenesis of this novel disorder. were also found present in both nuclei and cytoplasm
In conclusion, we demonstrated that RNA alone is (Li et al., 2000) . Alternatively, it might be an age-related sufficient to cause neurodegeneration and that this form phenomenon or disease state-dependent, since human of neurodegeneration shares the feature of protein mispathological study was done using postmortem brains.
folding involvement common to most other forms of We also found that molecular chaperone, Hsp70, is a genetic neurodegeneration. These data also strongly constituent of the inclusions, and variable expression support the emerging clinical picture of a specific neuroof Hsp70 could modify the degenerative phenotype in degenerative disease associated with fragile X premutathe eye. Studies in both flies and mice show that overextion carriers and suggest this disorder may exhibit a pression of chaperones or HSPs, particularly Hsp70, clinical threshold based upon total rCGG abundance. which help fold proteins or target them for degradation, Finally, based upon the data presented here, the power increase resistance to polyglutamine-induced toxicity of Drosophila genetics can now be used to dissect the (Chan et 
